The recent eradication of rabbits, rats and mice from Macquarie Island has resulted in unprecedented changes to the vegetation. One unforeseen outcome is the expansion in the known distribution of the indigenous grass, Poa litorosa (L.) which was known from only four restricted populations on Macquarie Island prior to 2014. An increase in abundance of P. litorosa was observed in 2014 and so we undertook surveys to document changes in the known distribution of the species and established fixed transects in the new and previously-recorded populations to monitor future changes. Monitoring of an exclosure and control plot over a 24-year period gave insights into past effects of rabbit grazing on the species. Our surveys documented a dramatic increase in the known distribution of the species. Existing populations have expanded and new populations have been recorded. Monitoring of the exclosure and control plot revealed suppression of P. litorosa plants in control plots in comparison to fenced plots during peak rabbit numbers, and so we attribute the population expansion to the recent eradication of rabbits and subsequent release of grazing pressure. This research contributes to the increasing bank of knowledge of changes occurring on Macquarie Island post-eradication and highlights the importance of monitoring to detect unforeseen changes.
INTRODUCTION
Macquarie Island, in the Australian sub-Antarctic, has recently been the focus of one of the largest integrated pest eradication programs to date, with all rats, rabbits and mice eradicated from the island in 2014 (Terauds et al. 2014) . The European Rabbit (Oryctolagus cuniculus Linnaeus, 1758) had a catastrophic impact on the island's natural environment (Taylor 1955 , Costin & Moore 1960 , causing local and landscape-scale damage. Tall herbfields and tussock grasslands were converted to short grazed lawns or bare ground by selective grazing (Copson & Whinam 2001 , Scott & Kirkpatrick 2008 , 2013 , Bergstrom et al. 2009 ). The tall tussock and mega-herb vegetation provides important habitat for nesting seabirds and invertebrates and appears to reduce the incidence of land slippage and erosion (Scott unpubl. data, Bergstrom et al. 2009 , Shaw et al. 2011 , Springer 2011 .
As a result of these impacts, the Macquarie Island Pest Eradication Project (MIPEP) was initiated by the Tasmanian Parks and Wildlife Service in 2007, and by July 2011 the rabbit population had been effectively reduced to zero. Extensive hunting and search efforts continued until complete eradication of rats, rabbits and mice was declared a success in 2014 (Terauds et al. 2014) . Following rabbit eradication, changes to the vegetation were predicted to occur (Copson & Whinam 2001) and, indeed, vegetation recovery and changing vegetation dynamics have already been observed (Scott & Kirkpatrick 2013 , Shaw et al. 2011 , Whinam et al. 2014 . One predicted outcome of the release of grazing pressure by rabbits is the expansion of some species and the reduction of others (Copson & Whinam 2001) . A lack of historical data from the period prior to rabbit establishment (Whinam et al. 2014) together with ongoing climate change (Brothers & Bone 2008 , Adams 2009 ) make predictions about a new postgrazing equilibrium state of the vegetation uncertain. It is therefore essential to establish baseline data now, at the start of this new phase for Macquarie Island.
Poa litorosa Cheeseman, a tall tussock grass, was first recorded on Macquarie Island in 1984 and, until recently, was known from only four small populations (Bergstrom et al. 2006) . Under heavy grazing, P. litorosa is difficult to distinguish from other grass species, particularly Festuca contracta Kirk (Bergstrom et al. 2006) . Over the summer of 2013/14, it was noted in several new locations. This paper describes the distribution, abundance and apparent spread of P. litorosa on Macquarie Island in the absence of rabbit grazing and provides baseline data for measurement of future change in its distribution and abundance. In addition, we present 24 years of monitoring data on fixed transects in an exclosure plot and adjacent control plot which show the effects of past rabbit grazing on P. litorosa.
Study site
Sub-Antarctic Macquarie Island (54°30'S, 158°57'E) is located in the Southern Ocean approximately 1500 km southeast of Tasmania. The climate is cool, wet and windy. Mean temperatures of the coolest and warmest months range between 3°C and 7°C, mean annual precipitation is around 950 mm and winds are predominantly strong and west to northwesterly (Pendlebury & Barnes-Keoghan 2007) . Analysis of changing climate patterns indicates that precipitation and wind speeds are increasing, consistent with an increase in cyclonic weather events. At the same time an increase in atmospheric dryness, along with the increase in wind speeds, may be contributing to drying of the island's surface (Adams 2009 ).
The flora of Macquarie Island is dominated by grasses, herbs and bryophytes with trees and shrubs completely absent (Selkirk et al. 1990 ). Forty-two indigenous and seven exotic vascular species have been recorded (de Salas & Baker 2015) . The island is considered high conservation value due to its abundance of wildlife and unique geology. It is a nature reserve, UNESCO biosphere reserve and World Heritage area (Carmichael 2007 , de Villiers et al. 2006 .
Poa litorosa
Poa litorosa is a tall, wiry tussock abundant on the cold temperate New Zealand shelf islands of the Auckland Island group, Campbell Island and Antipodes (Du Puy et al. 1993 , Frenot et al. 2005 ). On Campbell Island P. litorosa grows most vigorously on sites with enhanced fertility such as coastal areas, swamp flushes and near wildlife colonies, while in upland areas plants are commonly smaller (Meurk et al. 1994) . P. litorosa is also present on Macquarie Island, the only sub-Antarctic island on which it is found (Bergstrom et al. 2006) , and patterns of growth appear similar to those on Campbell Island. The species was first observed on Macquarie Island by G. Copson in 1983 (P. Turner pers. comm.) and recorded by Seppelt et al. in 1984 . Between 1983 and 1985 four populations of P. litorosa were documented, the largest in the north at Handspike Point near sea-level and three small higher-altitude populations at Caroline Cove Amphitheatre, Caroline Creek and Hill 291 on the southern end of the island (Bergstrom et al. 2006) (fig. 1 ). In the early 1950s B.W. Taylor identified a population of large tussocks at Handspike Point as Festuca erecta d'Urv. (contracta) which was likely to have been a misidentification of P. litorosa (Taylor 1955 , Bergstrom et al. 2006 . Between the 1980s and 2003 various observations were made of the four populations by Bergstrom et al. (2006) .
METHODS

Documentation of Poa litorosa distribution
In February 2014, we observed that P. litorosa in areas immediately adjacent to the rabbit grazing exclosure at the Caroline Cove Amphitheatre exhibited a general increase in size, vigour and extent. A thorough distribution survey could not be completed at the time due to inclement weather. During periods of more favourable weather and so improved visibility during March-June 2014, thorough searches were undertaken. Walking line transects were made 15-20 m apart where topography allowed, around the three known southern populations of P. litorosa and in all short grassland communities south of latitude 54°44'S ( fig. 1 ). The location of any clumps of P. litorosa were recorded with a hand-held GPS unit and the number of plants and presence/absence of seed heads noted. Data were uploaded to the Natural Values Atlas database managed by the Department of Primary Industries, Parks, Water and the Environment, Tasmania.
In March 2014 the Handspike Point P. litorosa population was inspected and a brief visual comparison was made with the 2006 map of its extent in Bergstrom et al. (2006) . Several photos were re-taken from photomonitoring points set up at the southwest edge of the population in February 2009 (J. Scott), 1-2 years before rabbit eradication. 
Establishment of fixed transects for future monitoring and quantification of foliage cover
During January-June 2014 fixed transects were established at Caroline Creek, Carrick Bay and two sites within the Caroline Cove Amphitheatre population (Caroline Cove Amphitheatre 1 and 2) to enable monitoring of future changes in distribution and abundance of P. litorosa. A line transect method was used, as presented in Cloud (2009) . The centre of the P. litorosa population was marked with a small wooden peg and eight 30 m-long transects run out from the centre point at 0, 45, 90, 135, 180, 225, 270 and 315° (fig. 2) . The distances at which P. litorosa intersected the transect was recorded (i.e., 5-8 cm). A photograph looking down the transect away from the centre peg was taken. Elevation, aspect, latitude and longitude were recorded with a handheld GPS.
Documentation of grazing pressure along fixed transects, Caroline Cove Amphitheatre population
In 1990 a 5 × 5 m fenced exclosure and an adjacent 5 × 5 m control plot were erected around part of the Caroline Cove Amphitheatre population to protect the plants from rabbit grazing (Bergstrom et al. 2006) . Over the next 24 years to 2015, line intercept (percentage cover) and plant height data were collected at irregular intervals (1990, 1991, 1995, 2003, 2015) along four fixed 5-m transects, two each in the exclosure and control plots. The distances at which P. litorosa intersected the transect and the maximum height of each clump along the transect was recorded and the percentage of each clump which showed signs of rabbit damage (grazed shoots) was visually estimated. Fixed-point photographs were taken each time the measurements were made.
Data analysis
GPS locations of P. litorosa populations were imported into ESRI® ArcMap TM 10.0 and expressed as UTM grid coordinates based on the WGS 1984 Datum. The mean percentage cover of P. litorosa at each site was determined by calculating the percentage of the transect length that was intercepted by P. litorosa and averaging across all eight transects. Statistical analyses were carried out using R version 3.1.1. Results were analysed using analysis of variance (ANOVA). Variances were checked by plotting residual versus fitted values to confirm the homogeneity of the data and normality was checked by quantile-quantile comparison plots. Significant means were separated using Tukey's highest significant difference test.
RESULTS AND DISCUSSION
Poa litorosa distribution (fig. 3)
In February 2014, it was noted that the growth and abundance of P. litorosa had increased around the exclosure at the Caroline Creek Amphitheatre population, and plants were larger and of a size not seen since prior to the increase in the rabbit population of the 1990s (J. Scott unpubl. data). This led to further surveys of the distribution of P. litorosa which identified an increase in the known distribution of P. litorosa around the three previously documented southern populations and the discovery of three additional, previously unrecorded, populations. We observed an expansion in the known distribution of the three previously documented populations of P. litorosa in the south of the island, Caroline Cove Amphitheatre, Caroline Creek and Hill 291. The Caroline Cove Amphitheatre population was first recorded in 1983 by G. Copson, and in 1991 consisted of scattered clumps within a 2500 m 2 area at 160 m a.s.l. with occasional clumps up to 150 m to the south (Bergstrom et al. 2006) . In 2003 the population consisted of numerous clumps within a 10 m radius of the enclosure, scattered clumps to 20 m and occasional clumps between 20-38 m, but this was the minimum extent of the population as bad weather and grazing damage meant it was difficult to distinguish P. litorosa plants (Bergstrom et al. 2006) . The authors suggested the population was increasing but could not make a firm assessment of the degree of change. The population had never been observed flowering (Bergstrom et al. 2006) . Our survey in 2014 documented P. litorosa plants at a distance of 50 m away from the exclosure. Many hundreds of individuals and small clumps were detected throughout the whole amphitheatre, to a distance of around 300 m from the exclosures and extending over an area of around 22 000 m 2 . Several plants were observed flowering.
The (Bergstrom et al. 2006) . Our surveys in 2014 documented an increase in the known distribution of this population around Hill 291 and a scattering of P. litorosa tussocks halfway up the eastern and western banks surrounding Lake Ainsworth which had not been previously recorded. The population consisted of around 200 plants spanning an area of around 18 000 m 2 with clumps up to 30 m 2 in size. Plants had a maximum height of 40-50 cm, although most were much smaller, and no plants were observed flowering. Some of these tussocks were seen in 2009 on the high western banks of Lake Ainsworth as part of a photo-monitoring point, but it was concluded at the time that it was P. foliosa regrowth without closer observation (J. Scott unpubl. data).
We documented little change in the known distribution and abundance of P. litorosa at Handspike Point. This population was first recorded in the 1950s (Taylor 1955) when it was documented incorrectly as Festuca erecta (now contracta) and described as a dozen or so very scattered tussocks, 0.8-0.9 m tall × 0.9 m wide. In 2003, the population was scattered over a 4 800 m 2 area at 10-15 m a.s.l., and was characterised by large, tall tussocks (1.2 m tall × 1.0 m wide), many of which were flowering abundantly (Bergstrom et al. 2006) . 
Baseline data collection for future monitoring
Data on the abundance and distribution of P. litorosa was collected along fixed transects at four sites (Caroline Cove Amphitheatre 1 and 2, Caroline Creek, Carrick Bay). These data describe the proportion of each of eight transects per site intersected by P. litorosa and the height of each clump of P. litorosa intersecting the transect. This information provides a detailed baseline dataset on which future monitoring of P. litorosa can be based and is available from the Natural Values Atlas database (Department of Primary Industries, Parks, Water and the Environment, Tasmania) and will be available at the Australian Antarctic Data Centre. These data were used to determine the mean percentage cover of P. litorosa at each site and ranged from 0.7 to 2.4% cover (fig. 4) . The mean height of P. litorosa plants was around 25 cm at each of these four sites (fig. 4) .
Changes in the Caroline Cove Amphitheatre exclosure and control plot over time in response to grazing pressure There were no statistical differences in the mean percentage cover, height and percentage of shoots grazed between the exclosure and control plot at each time period (P ≥ 0.05). This was due to a low number of replicates and high variability in the data as this experiment was established quickly and ad-hoc in 1990 by scientists concerned about the survivorship of P. litorosa at the peak of rabbit grazing. However, the data still give important insights into the impacts of rabbit grazing on P. litorosa. When the plots were first established, there was little difference in the heights of P. litorosa shoots, the abundance of P. litorosa along the transects, and the percentage of P. litorosa shoots which were grazed ( fig. 5) Percentage cover of the transect lines by P. litorosa increased within the exclosure plot over the 24-year period, although there was some fluctuation within this period. Percentage cover increased for the first five years, remained stable for the next eight years and had increased greatly by 2014. The mean percentage cover of P. litorosa in the control plot remained relatively stable for the first five years to 1995 and then decreased to 2003, exhibiting an inverse pattern to the changes in cover of P. litorosa in the exclosure plot, then increased greatly by 2014. The mean percentage of P. litorosa shoots that were grazed within the exclosure plot declined to zero in the first six months of the study period, indicating the success of the fencing at excluding rabbits. Within the control plot, the mean percentage of P. litorosa shoots that were grazed declined over the first five years, and then increased over the next eight years until 2003. This is likely to reflect fluctuations in rabbit numbers in the Caroline Cove Amphitheatre, with heavier grazing pressure during the first, second and fourth measurement periods (1990, 1991, 2003) than during the third (1995) . This follows the general trend in rabbit numbers for the island as a whole over this period (Terauds et al. 2014) . No grazing was observed in 2014 as grazing pressure had ceased several years before this measurement.
The photo-point photographs of the exclosure and control plots over the 24 years confirm the trends discussed above (pl. 2). There was an increase in growth and extent of P. litorosa in a control plot over the first five years to February 1995, compared 
CONCLUSIONS
A substantial increase in the recorded distribution of P. litorosa has been seen between 2003 and 2014 and we attribute this to a release of grazing pressure following the eradication of rabbits. The three previously known southern populations were first detected following the postmyxomatosis decline in rabbit numbers in the early 1980s when grazing pressure was reduced (Terauds et al. 2014) . Indeed, P. litorosa has been found to decline in the presence of grazing and increase when grazing ceased on several of the New Zealand shelf islands (Dilks & Wilson 1979 , Rudge & Campbell 1977 , Taylor 1968 , UNESCO 1966 . When grazed, P. litorosa and F. contracta are difficult to tell apart, thus these populations may have been established for some time but were not detected previously due to grazing impacts (Bergstrom et al. 2006) . For the same reasons, further populations were not detected during this time. Following the eradication of rabbits, the grazing pressure on the vegetation has been completely lifted, allowing plants to grow unrestricted. Given the substantial size of many of the P. litorosa plants, it is likely these populations have been present for a long time but have been maintained at undetectable levels by rabbit grazing. The effects of grazing on P. litorosa are illustrated in plate 2.
Although we observed dramatic changes in the P. litorosa populations in the south of the island, the Handspike Point population differed little between 2003 and 2014. This site has a very different environment to the southern sites, including lower elevation, higher exposure and waterlogged soil. The Handspike Point population, although grazed, appears not to have been as heavily grazed as the southern population (Bergstrom et al. 2006 ) and so has probably been less affected by the release of grazing pressure. Further observations at the described sites will enable future changes in populations of P. litorosa to be documented. 
